Monoamine oxidases (MAO) are important enzymes regulating the levels of monoaminergic neurotransmitters and of bioactive monoamines by catalyzing their deamination.
' INTRODUCTION
Monoamine oxidases (MAO) are important enzymes regulating the levels of monoaminergic neurotransmitters and of bioactive monoamines by catalyzing their deamination. 1 Biochemical and pharmacological studies indicate that the MAO enzyme exists in two isoforms known as "MAO type A" (MAO-A) and "MAO type B" (MAO-B). 2 The isoforms differ in their distribution in body organs and in their substrate specificity. In general, MAO-A selectively oxidizes the "neurotransmitter" monoamines such as epinephrine, norepinephrine, and 5-hydroxytryptamine, while MAO-B selectively oxidizes the monoamines such as O-tyramine, phenethylamine and tele-N-methyl histamine and both MAO-A and MAO-B isoforms generate hydrogen peroxide which can form highly reactive oxygen species. Both MAO-A and MAO-B oxidize tyramine, tryptamine, and dopamine. 3 The MAO isoforms also differ according to their inhibition selectivity and thus can be inhibited depending upon the chemical structure of the inhibitor or the relative concentrations of the inhibitor and the enzyme. MAO inhibitors are used for the treatment of psychiatric and neurological disorders. MAO-A inhibitors are prescribed mainly for depression, 4 and MAO-B inhibitors are mostly used to treat Parkinson's disease (PD) 5 as well as depression. 6, 7 MAO-A is selectively inhibited by, e.g. pirlindole and clorgyline, whereas MAO-B is selectively inhibited by e.g. L-deprenyl and rasagiline (Figure 1 ).
In the human brain, the presence of MAO-B predominates over MAO-A and constitutes up to ∼70% of total brain MAO activity. 8 Cerebral MAO-B levels increase with age and are further up-regulated in the brains of AD patients, mostly due to an increase of reactive astrocytes. 9 As astrocyte activity and, consequently, the activity of the MAO-B system, is up-regulated in neuroinflammatory processes, radiolabeled MAO-B inhibitors may serve as an imaging biomarker in neuroinflammation and neurodegeneration, including Alzheimer's disease. 10, 11 Positron emission tomography (PET), a high-resolution, sensitive, and noninvasive imaging technique, has been widely utilized in visualizing the localization of MAO-B. Imaging brain MAO-B activity with PET in humans has been useful for studying neurodegenerative diseases 12, 13 and epilepsy. 14 Carbon-11 labeled L-deprenyl was demonstrated as useful tracer for assessing MAO-B. 15À17 The short half-life of carbon-11 (20.4 min) makes these tracers less suitable for distribution to PET centers not equipped with an on-site cyclotron. Therefore, there has been much interest in the development of labeled MAO inhibitors with longer half-life as biological probes to map MAO activity. A fluorine-18 labeled MAO-B inhibitor would offer a longer halflife of 110 min, but so far no successful PET radioligand has been fully validated. Clorgyline was previously labeled with fluorine-18 at aromatic and aliphatic positions, and the resulting tracers were shown to have favorable properties for mapping MAO-A activity In this project, our aims were (i) to develop a fast and efficient synthetic method for labeling novel L-deprenyl analogues with fluorine-18 at the aliphatic chain and (ii) to evaluate their binding to MAO-B in various brain structures in post mortem human brain slices using an autoradiography technique in order to select a suitable fluorine-18 labeled radioligand for in vivo molecular imaging studies using PET.
' RESULTS AND DISCUSSION Chemistry. Three novel fluorinated analogues of L-deprenyl 2, 8, and 13 (Scheme 1) were prepared. To label compounds 2, 8, and 13 with fluorine-18 to obtain 4a, 4b, and 4c, respectively, three appropriate chloro-precursors 4, 9, and 15, needed to be synthesized. The chloro precursor 4 for labeling with fluorine-18 was prepared according to Scheme 1. From commercially available 1 (desmethyl deprenyl hydrochloride salt), fluoride 2 and alcohol 3 were synthesized by alkylation of secondary amine using sodium hydroxide as strong base. In the next step, alcohol 3 was treated with mesyl chloride and instead of N-(2-mesylethyl)-N-(1-phenylpropan-2-yl)prop-2-yn-1-amine, N-(2-chloroethyl)-N-(1-phenylpropan-2-yl)prop-2-yn-1-amine (4) was produced. Initially the reaction was performed at À7°C; however, the reaction did not proceed at that low temperature. Subsequently, the reaction temperature was allowed to increase slowly, and progress of the reaction was monitored by TLC. At 10°C, the reaction commenced but went directly through to give chloride 4 by immediate substitution of the intermediate mesylate group by S N 2 substitution reaction with concomitant chloride formed in the initial mesylation reaction.
Amines 6 and 11 were prepared from commercially available carbamate 5 and amino acid 10 by reduction with LiAlH 4 following a previously described procedure. 21 Amino alcohols 6 and 11 were alkylated with propargyl bromide, 22 and the obtained alcohols 7 and 12 were chlorinated upon treatment with mesyl chloride. A mixture of two chlorinated isomers 14 and 15 was formed from 12. Fluorides 8 and 13 were synthesized from amino alcohols 7 and 12 by fluorination with diethylamino sulfurtrifluoride (DAST). product. Compound 4c was purified from the isomeric mixture of 4c and 4d by HPLC. The overall radiosynthesis, including fluorination, HPLC purification, and evaporation of the solvent and radiotracer formulation, was completed in a time range of 70À80 min. The incorporation yield of the fluorination reactions varied from 40% to 70%, and the radiochemical purity was greater than 99% for fluorine-18 labeled 4a, 4b, and 4c throughout ( Table 1) . The identities of the labeled compounds were confirmed by coinjection of their corresponding fluorine-19 analogues 2, 8, and 13 using analytical HPLC. All radioligands were found to be stable in PBS buffered solution (pH = 7.4) for the duration of 180 min with a half-life of 110 min.
In Autoradiography. All three novel MAO-B fluorine-18 fluorodeprenyl analogues, 4a, 4b, and 4c, were tested in human whole hemisphere autoradiography experiments on brain tissue, obtained from deceased subjects with no sign of any brain disorders. First, 4a featured only a moderate binding to the white matter and no binding to the cortical gray matter. The white matter binding could not be blocked with the cold ligand, L-deprenyl itself, or with the specific MAO-A and MAO-B ligands pirlindole and rasagiline, respectively, indicating that the observed binding is mainly nonspecific. Using 4b, there a low level binding to the cortex was found, with the highest but still moderate binding affinity to the hippocampus at baseline condition. Blocking with L-deprenyl and rasagiline both abolished the binding, whereas pirlindole did not block the binding, indicating that 4b displays a weak but specific binding to MAO-B rich cortical structures (data not shown).
Compound 4c demonstrated total binding patterns, i.e. binding comprising specific and nonspecific binding within brain slices of AD brains and age matched controls. The baseline condition (total binding) is shown in panel A (Figure 3 ). For blocking, the MAO-B ligands L-deprenyl (panel B) and rasagiline (panel C), the MAO-A ligand pirlindole (panel D) have been used in 10 μM concentrations (Figure 3) . Using the MAO-B ligands rasagiline and L-deprenyl, the binding of 4c was completely blocked, whereas the MAO-A ligand pirlindole did not block the total binding. This indicates that 4c is a selective radioligand of the MAO-B isoform, whereas it displays no binding to MAO-A. Compared with 4a and 4b, the binding of 4c in all brain structures was higher. The signal intensities were highest in the hippocampus, the perihippocampal gyrus, the temporal lobe, and to some extent, the parietal lobe. There was also increased signal intensity in the white matter adjacent to layer 6 of the cortex.
Plasma Protein Binding. Plasma protein binding was measured using an ultrafiltration method. The results were corrected for the membrane binding as measured with the control samples. Binding of 4c to monkey and human plasma proteins were 75.9 ( 0.1% and 83.2 ( 0.5%, respectively. Therefore, there was a measurable free fraction of 4c in plasma: 24.1 ( 0.1% and 16.8 ( 0.5% for monkey and human, respectively.
Biodistribution. The biodistribution of compound 4c was investigated in NMRI mice at five time points, namely 2, 5, 30, 60, and 240 min, and showed a high initial brain uptake of radioactivity leveling at 5.2 ( 0.04%ID/g at 2 min post injection. In addition, a high initial elimination of radioactivity from the brain was observed, reaching a level of 1.9 ( 0.33% ID/g at 30 min pi and decreased further to 1.4 ( 0.26% ID/g at the 4 h time point pi. The initial brain uptake was higher as the measured blood value. This is shown in Figure 4 . In addition, the biodistribution result of 4c in NMRI mice differs to the literature data for [ 11 C]deprenyl brain kinetics in mice. 16 For [ 11 C]deprenyl, the brain over blood ratio increased with time whereas for compound 4c a decrease of this ratio had been observed. A probable explanation behind this observation is that compound 4c (fluorodeprenyl) is a different compound as compared to deprenyl, and for that reason its behavior in biodistribution experiments in mice could differ from the data observed with [ 11 C]deprenyl. Another reason for the differences could be the use of another mouse strain that could lead to different results. 
CONCLUSION
Radiolabeling of three new fluorine-18 analogues of L-deprenyl was successfully accomplished with adequate radiochemical yields, high specific radioactivity, and radiochemical purity higher than 99%. Biodistribution in mice showed that compound 4c adequately passed the bloodÀbrain barrier. The fluorine-18 labeled compound 4c binds specifically to MAO B in post mortem human brain sections. Consequently, radioligand 4c appears to be a potential molecular imaging biomarker candidate for PET studies in neuroinflammation and neurodegeneration, accompanied with astrocyte activation.
' EXPERIMENTAL SECTION 13 C NMR spectra were referenced internally on CDCl 3 (δ 13 C 77.20). Liquid chromatographic analysis (LC) was performed with a MerckÀHitachi gradient pump and a MerckÀHitachi L-4000 variable wavelength UV-detector. A μ-Bondapak C-18 column (300 mm Â 7.8 mm, 10 μm; Waters instruments) was used with a flow of 2 mL/min. LC-MS was performed using a Waters QuattraTof Premier micro mass spectrometer or Waters SQD 3001 single quadrupole mass spectrometer, coupled to Waters Acquity UPLC instruments. The ionization mode used was electro spray positive ionization (ESI+). Analytical TLC was carried out on 0.25 mm silica gel plates.
All solvents and chemicals were obtained from commercial sources and used without further purification. Purity of all compounds is g95% and was determined by HPLC and UPLC and LC-MS.
prop-2-yn-1-amine (4). A mixture of 3 (150 mg, 0.69 mmol) and triethyl amine (1.5 mmol) in THF (3 mL) was stirred at room temperature for 30 min. To the stirred mixture mesyl chloride (1.4 mmol) was added dropwise at À7°C, and the reaction mixture was stirred at 10°C for additional 30 min. Saturated Na 2 CO 3 solution (2 mL) was added and stirred for 30 more min. The organic layer was partitioned between CH 2 Cl 2 (20 mL) and water (10 mL). The organic phase was separated and washed with saturated NaHCO 3 solution (10 mL) and brine (10 mL) and dried over MgSO 4 and filtered. The solvent was removed under reduced pressure to obtain the crude product as light-yellow oil. The crude product was purified by silica-gel column chromatography (hexane/ether 3:1), and the final product resulted as colorless oil (85 mg, 0.63 mmol, 52%). The product was analyzed by NMR and LC-MS. 
Synthesis of N-((1R,2S)-1-Fluoro-1-phenylpropan-2-yl)-N-methylprop-2-yn-1-amine (8).
To the stirred solution of 7 (150 mg, 0.74 mmol) in dichloromethane (3 mL), diethylamino sulfurtrifluoride (DAST) (1.0 mmol) was added dropwise at À5°C and the reaction mixture was stirred for additional 20 min at the same temperature. Saturated aqueous sodium carbonate (2.0 mL) was added to quench unreacted DAST. The organic layer was partitioned between CH 2 Cl 2 (15 mL) and water (10 mL). The organic phase was separated and washed with brine (10 mL) and dried over MgSO 4 and filtered. The solvent was removed under reduced pressure to obtain the crude product as light-yellow oil. The crude product was purified by silica-gel column chromatography (hexane/ether 4:1). Final product was obtained as light-yellow oil (75 mg, 0.37 mmol, 49%) and was analyzed by NMR, HPLC and LC-MS. Journal of Medicinal Chemistry ARTICLE 0.60 mmol) was added dropwise at À7°C, and the reaction mixture was stirred at room temperature for additional 30 min. Saturated Na 2 CO 3 solution (1 mL) was added and stirred for additional 30 min. The organic layer was partitioned between CH 2 Cl 2 (15 mL) and water (10 mL). The organic phase was separated and washed with saturated NaHCO 3 solution (10 mL) and brine (10 mL) and dried over MgSO 4 and filtered. The solvent was removed under reduced pressure to obtain the crude product as light-yellow oil. The crude product was purified by silica-gel column chromatography (hexane/ether 3:1). LC-MS (ESI): m/z = 222 (M + 1). Synthesis of (S)-N-(1-Fluoro-3-phenylpropan-2-yl)-N-methylprop-2-yn-1-amine (13) . To the stirred solution of 12 (300 mg, 1.48 mmol) in dichloromethane (5 mL), diethylamino sulfurtrifluoride (264 μL, 2.0 mmol) was added dropwise at À5°C and the reaction mixture was stirred for additional 20 min at the same temperature. Saturated sodium carbonate (4.0 mL) was added to quench unreacted DAST. The organic layer was partitioned between CH 2 Cl 2 (25 mL) and water (15 mL). The organic phase was separated and washed with brine (10 mL) and dried over MgSO 4 and filtered. The solvent was removed under reduced pressure to obtain the crude product as a light-yellow oil. The crude product was purified by silica-gel column chromatography (hexane/ ether 3:1) and gave the final product (65 mg, 0.32 mmol, 21%). The product was analyzed by NMR, HPLC, and LC-MS. Synthesis of (S)-N-(1-Chloro-3-phenylpropan-2-yl)-N-methylprop-2-yn-1-amine (14) and N-(2-Chloro-3-phenylpropyl)-N-methylprop-2-yn-1-amine (15) . A mixture of 12 (100 mg, 0.49 mmol) and triethyl amine (139 μL, 1.0 mmol) in THF (2 mL) was stirred at room temperature for 30 min. To the stirred mixture mesyl chloride (68.7 mg, 46.4 μL, 0.60 mmol) was added dropwise at À7°C, and the reaction mixture was stirred at room temperature for additional 30 min. Saturated aqueous Na 2 CO 3 solution (1 mL) was added and stirred for further 30 min. The organic layer was partitioned between CH 2 Cl 2 (15 mL) and water (10 mL). The organic phase was separated and washed with saturated NaHCO 3 solution (10 mL) and brine (10 mL), dried over MgSO 4 , and filtered. The solvent was removed under reduced pressure to obtain the crude product as a light-yellow oil. The crude product was purified by silica-gel column chromatography (hexane/ether 3:1) and final product (90 mg, 82%, 0.41 mmol) was obtained as a light-yellow oil. The product was analyzed by NMR, HPLC, and LC-MS. The final product was a mixture of 14 (major) and 15 (minor).
14 (major): 43 μL) , and acetonitrile (2 mL). The solvent was evaporated at 160°C under continuous nitrogen flow. The residue was then cooled to 25°C, followed by addition of the precursor 4, 9, or 15 (2.0 mg, ∼0.01 mmol, in DMSO (600 μL)) was added. The closed reaction vessel was then heated at 120°C for 20 min. The reaction vessel was cooled to room temperature, and 18 MΩ H 2 O (1 mL) was added before injecting to the HPLC.
All three fluorine-18 labeled radioligands 4a, 4b, and 4c were purified by reverse phase HPLC on a μ-Bondapak C-18 column (300 mm Â 7.8 mm, 10 μm; waters instruments) and MeCNÀH 3 PO 4 (0.01 M) (15:85 v/v) was used as the eluting solvent at a flow rate of 4 mL/min. Elute was monitored by a UV absorbance detector (λ = 214 nm) in series with a GM tube radioactivity detector. The isomeric mixture of 4c and 4d was separated by HPLC (t R(4c) = 14À16 min, t R(4d) = 18À19 min). The fraction of the desired compounds was collected and evaporated to dryness. The residue was dissolved in sterile disodiumphosphate phosphate buffered saline (PBS; pH = 7.4; 10 mL) and filtered through a sterile filter (0.22 μm; Millipore, Bedford, MA), yielding a sterile and pyrogen-free (<1.25 EU) solution of the radioligand.
The radiochemical purity of each radioligand (4a, 4b, and 4c) was analyzed by a reverse phase HPLC on a μ-Bondapak C-18 column (300 mm Â 3.9 mm, 10 μm; waters instruments) and MeCNÀH 3 PO 4 (0.01 M) (15:85 v/v) was used as the eluting solvent at a flow rate of 2 mL/ min. Elute was monitored by a UV absorbance detector (λ = 214 nm) in series with a radioactivity detector (β-flow; Beckman, Fullerton, CA). The radiochemical purity was >99% for all three compounds.
The stability and radiochemical yield was tested with HPLC and TLC on silica gel (100% CH 3 COOC 2 H 5 was used as the eluting solvent). TLC plate was scanned with an AR-2000 imaging scanner and analyzed with Winscan 2.2 software.
Determination of MAO Inhibition. Human recombinant MAO-B and MAO-A enzymes (Sigma) prepared from insect cells were purchased from Sigma. The assays were designed to determine the inhibition of kynuramine oxidation in the presence of the compounds of interest according to Weissbach et al. 24 A calibration curve of kynuramine hydrobromide (Sigma) was determined at 360 nm and used for calculation of the enzyme activity (pmol/min) at the respective compound concentration. This relation was plotted and the IC 50 determined using the software GraFit 5 (Version 5.0.6). The assays were performed as follows. The compounds were diluted 1:2 in each step in 50 mM phosphate buffer (pH 7.4) so that a concentration curve between 0.49 and 1000 nM was generated to determine the IC 50 for MAO-B and between 0.98 and 2000 nM for determination of inhibition of MAO-A, respectively. Kynuramine hydrobromide at a concentration of 125 μM for MAO-B and 100 μM for MAO-A, respectively, and 2.5 U/mL enzyme were added and the reaction followed measuring the absorption at 360 nm in a 5 min interval over 30 min at 37°C. The 30 min time point was used to determine IC 50 values. As internal standards for MAO-B, pargyline and L-deprenyl and for MAO-A clorgyline were used.
In Vitro Autoradiography. Human brains without pathology were obtained from the Department of Forensic and Insurance Medicine, Semmelweis University, Budapest. The brains had been removed during forensic autopsy (control brains) and were handled in a manner similar to that described previously.
25À27 Ethical permissions were obtained from the relevant Research Ethics Committee of the respective institutions. The sectioning of the brains and the autoradiography experiments were performed at the Department of Neuroscience, Karolinska Institutet. The sectioning took place on a Leica cryomacrocut Journal of Medicinal Chemistry ARTICLE system. The resulting slices were horizontal brain slices of 100 μm thickness. The brain slices were obtained from a 58-year-old female control subject; the post mortem time was 11 h, until which the cadaver was stored at (0°C. After the removal of the brain, it was kept at À85°C until sectioning. The whole hemisphere brain slices were kept at À25°C until the autoradiographic procedures.
The autoradiographic procedures were basically identical with those used by us in former studies. 28 Briefly, 100 μm thick whole hemisphere sections were incubated for 90 min at room temperature with 4 MBq/ 200 mL of the corresponding radiotracer in 50 mM TRIS buffer pH 7.4 containing sodium chloride (120 mM), potassium chloride (5 mM), calcium chloride (2 mM), and albumin (0.1% w/v). After the incubation, the sections were washed in the same buffer three times for 5 min each time at room temperature, briefly dipped in ice-cold distilled water, dried, and exposed to phosphorimaging plates. The readings were made in a Fujifilm BAS-500 phosphorimager and digitized using a Fujifilm IP Eraser 3. Standards were prepared by serial dilution of the radioligand stock solution in assay buffer.
Blocking experiments were performed with 10 μM L-deprenyl, rasagiline, and pirlindol for fluorine-18 labeled deprenyl analogues 4a and 4b. For compound 4c, blocking experiments were done with L-deprenyl, rasagiline, and pirlindol.
Biodistribution. Biodistribution was investigated in male NMRI mice at five time points, namely 2, 5, 30, 60, and 240 min. The mice used in the experiments weighted between 25.0 and 31.5 g. For each time point, three mice were examined. The mice were injected each with 0.178 MBq radioactively labeled deprenyl analogues dissolved in 0.9% NaCl solution. At the respective post-injection time points, the mice were euthanized with an overdose of isofluorane, sacrificed, the organs excised, and blood taken, respectively, before measuring the organ and blood radioactivity levels in a γ counter. In addition, faeces and urine were collected and measured in a γ counter, as well. The results were decay corrected and normalized to 1 g of tissue and to whole blood volume, respectively, and expressed as percent injected dose per gram tissue and blood (%ID/g), respectively.
Plasma Protein Binding. Plasma protein binding of 4c was measured in duplicate in baseline conditions. Monkey plasma (500 μL), human plasma (500 μL), and phosphate buffered saline solution (pH 7.4, KCl 0.2 mg, KH 2 PO 4 0.2 mg, Na 2 HPO 4 1.42 mg, NaCl 8 mg in 1 mL) serving as control, respectively, were mixed with 4c radiopharmaceutical formulation (50 μL, approximately 20 MBq in PBS) and incubated at room temperature for 10 min. Samples (20 μL) from each incubation mixture were measured in a well-counter. After incubation, 200 μL portions of the incubation mixtures were pipetted into ultrafiltration tubes (Millipore Centrifree YM-30) and centrifuged for 15 min in 3000 rpm. Samples (20 μL) from each filtrate were counted in a well-counter. The fraction of protein-bound ligand was calculated using the following formula; where C pla(total) and C PBS(total) represent the radioactivity concentration of incubation mixture in plasma and PBS (control), respectively. C pla(filtrate) and C PBS(filtrate) are the radioactivity concentrations from filtrate samples.
' ASSOCIATED CONTENT b S Supporting Information. Experimental and spectroscopic details on compounds 2, 3, 6, 7, 11, and 12. This material is available free of charge via the Internet at http://pubs.acs.org.
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